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Seasonal variations in the biomass (Chl a) and primary production (14C-method) of phytoplankton were
studied during 12 months of 2005 in the three Ethiopian Rift Valley Lakes (ERVL) Ziway, Awassa and
Chamo. Chl a showed an average value of 40, 20, and 30 mg m3 for the three lakes, respectively.
Integrated areal primary production for the total phytoplankton (g C m2 d1) varied 2-fold in the
three lakes but on different levels, from 0.67–1.8 in L. Ziway, 1.8–4.6 in L. Awassa, and 1.0–2.6 in L.
Chamo. The overall photosynthetic efﬁciency of utilizing photosynthetically active radiation by the
phytoplankton on molar basis (mmol C mol of photons1) resulted in an average value of 1.4 for L.
Ziway, 3.5 for L. Awassa and 1.6 for L. Chamo. Among the different factors regulating phytoplankton
primary productivity, light penetration and nutrients were the most important in the three lakes. The
seasonal variations of incident radiation (most values between 5 and 7 E m2 h1) and water
temperature (most values between 22 and 24 1C) were small and unlikely to result in the marked
differences in phytoplankton primary production. Although relative increase in nutrient concentrations
occurred following the rainy periods, the major algal nutrients were either consistently low (nitrate
and/or silicate) or high (phosphate and/or ammonium) and remained within a narrow range for most of
the study period in all the three lakes. Consequently, phytoplankton biomass and primary production
seem to be maintained more by nutrient regeneration or turnover (facilitated by high temperature)
than by allochthonous nutrient input. This would be coupled with wind-induced mixing that would
play an important role in determining hydrographic characteristics (water column structure) and the
associated redistribution of nutrients and phytoplankton, the availability of light and subsequently the
spatial (vertical) and temporal patterns of phytoplankton production in these three ERVL.
Phytoplankton production (PP) is regarded as a good predictor of ﬁsh yield in lakes and seasonal
measurements of PP is a prerequisite for good such estimates.
& 2009 Elsevier GmbH. All rights reserved.Introduction
Studies on primary production by phytoplankton are essential
for understanding energy and material ﬂows in pelagic ecosystem.
As phytoplankton assemblages are at the base of the food web,
changes in phytoplankton biomass, species composition and
pattern of primary production have implications for the whole
community, including ﬁsh (Brett and Mu¨ller-Navarra, 1997;
Ahlgren et al., 2005). For instance, phytoplankton production (PP)
is regarded as a good predictor of ﬁsh yield in lakes and seasonal
measurements of PP are a prerequisite for good such estimates
(Melack, 1976; Ryther, 1969; Oglesby, 1977; Hooker et al., 2001).H. All rights reserved.
gren).The three Ethiopian lakes under study have great ﬁsheries potential,
especially for the phytoplanktivorous Nile Tilapia, Oreochromis
niloticus, which is commercially very important, contributing to
60–80% of the total ﬁsh landing (Varnden Bosche and Bernacsek,
1991). Lake Chamo, in particular, has a huge ﬁshery potential and
more ﬁsh species, such as Nile Perch (Lates niloticus), Barbus spp.,
Labio horie, and Synodontis shall than the other Rift Valley lakes
(Reyntjens and Tesfaye Wudneh, 1998; Zenebe Tadesse et al.,
1998a; Demeke Admassu and Ahlgren, 2000). However, detailed
and prolonged studies on the phytoplankton community structure
and function of L. Chamo are non-existent, whereas exploitation of
the lake is undergoing without comprehensive understanding of its
hydrology, physical–chemical and biological limnology.
Detailed studies were carried out to show temporal and spatial
variations of phytoplankton primary production on Lake Awassa
(Demeke Kiﬂe, 1985) and on Lake Ziway (Girma Tilahun, 1988)
Table 1
Morphometric features of the lakes Ziway, Awassa, and Chamo, cited from Girma
Tilahun (2006) and references therein. The Coordinates and Conductivity are cited
from Zenebe et al. (1998a).
Parameter L. Ziway L. Awassa L. Chamo
G. Tilahun, G. Ahlgren / Limnologica 40 (2010) 330–342 331using the O2 method. Since then, however, these lakes have been
long exposed to natural and/or anthropogenic threats including
over-ﬁshing, introduction of alien ﬁsh species, irrigation, defor-
estation, overgrazing and indiscriminate use of pesticides and
fertilizers in their catchment areas for the last 15–20 years
(Zinabu Gebre-Mariam et al., 2002; Tenalem Ayenew, 2004).
The purpose of this study was to follow the seasonal variation
in phytoplankton biomass and primary production, using the 14C
method, of the three Ethiopian Rift Valley Lakes (ERVL) Ziway,
Awassa and Chamo during 1 year. The results of this study will
update and complement the knowledge on phytoplankton ecology
of tropical freshwater lakes and assess how temporal changes of
some physical and chemical variables inﬂuence the phytoplankton
biomass and primary production. Based on the annual integrated
estimates of primary production, ﬁsh yield is estimated and
compared with available data produced by earlier ﬁsh landing and
ﬁsh yields (Reyntjens and Tesfaye Wudneh, 1998).Coordinates N 71520–8180 61330–71330 51500
Coordinates E 381040–381560 381220–381290 371350
Conductivity (K25, mS cm1) 410 830 1320
Altitude (m) 1636 1680 1233
Catchment areas (km2) 7025 1250 2210
Surface area (km2) 434 88 551
Max. depth (m) 7 22 20
Mean depth (m) 2.5 10.7 1.7
Salinity (g L1) 0.4 0.8 1.0Materials and methods
Study area
The lakes of this study are situated in the central and southern
parts of the Rift Valley (Fig. 1). The general features of the areaFig. 1. Location of lakes in the Ethiopian Rift Valley. The three lakes studied, Ziway, A
approximate limit of African Rift Valley. Crosses, location of the sampling points w
51530128*N & 381330121*E, respectively.were described in several papers (e.g. Wood and Talling, 1988;
Tudorancea et al., 1989; Elizabeth Kebede et al., 1994) and a
summary of limnological information is given in Table 1.
Sampling of the lakes was made monthly from January to
December 2005 and was usually conducted during the last week
of the months between 10:00 a.m. and 11:00 a.m. A single open
water station, marked with GPS, was used for each lake
throughout the study period.wassa and Chamo, are marked in grey. Dashed lines in the inserted map indicate
ith GPS coordinates 71550924*N & 381460128*E, 71030062*N & 381270091*, and
G. Tilahun, G. Ahlgren / Limnologica 40 (2010) 330–342332Physical variables
Meteorological data, such as rainfall and wind speed data were
obtained from Ethiopian National Meteorological Service Agency
(ENMSA). Surface incident radiation (PAR) near the lakeshore was
measured at 30-min intervals on sampling days, mostly from 9:30
a.m. to 2:30 p.m., using an LI-510B integrator. The readings were con-
verted to absolute units, mol quanta (or Einstein, E) per m2 and hour,
following the procedures outlined in the manufacturer’s manual. PAR
was measured in mmol quanta per m2 and second (mEm2 s1) with
a underwater LI-COR quantum photometer (LI-189), equipped with
underwater quantum sensor (LI-192SA). These readings were used to
calculate the extinction coefﬁcient and euphotic depth (depth of 1%
PAR). Lake water transparency (=vertical visibility) was estimated
with a standard Secchi disk (20 cm in diameter).
A ‘‘rainfall coefﬁcient’’ for each month was designated wet
when the ratio between the monthly rainfall and 1/12 of the
annual rainfall is Z0.6 and dry when the ratio was o0.6 (Daniel
Gemechu, 1977; Zinabu Gebre-Mariam, 2002).
Chemical variables
Conductivity was measured with a S-C-T meter (YSI-model 33)
and a 3311 probe with all values corrected to 25 1C, using a
temperature coefﬁcient of 2.3% per degree Celsius (Talling and
Talling, 1965). Depth proﬁles of temperature and dissolved oxygen
concentrations (mg L1) and percentage saturation were obtained
using an YSI model 58 temperature/oxygen meters. Readings of pH
were taken with a portable digital pH meter (Hannah, model
H-9024). Alkalinity (bicarbonate+carbonate) was determined by
colorimetric titration with 0.02 N HCl to pH 4.5, using methyl
orange indicator within o4–5 h of sample collection. The
alkalinity values were used to estimate the concentration of
dissolved inorganic carbon (DIC) available for phytoplankton
primary production (Strickland and Parsons, 1972).
Unﬁltered water samples were analysed for total nitrogen (TN)
and total phosphorus (TP). TN was determined with the help of a
nitrogen analyzer (Antek 9000 Nitrogen Analyzer). TP was
measured as molybdate reactive phosphate (MRP) after the
organically bound phosphorous was converted to orthophosphate
through oxidative hydrolysis with potassium persulfate (Menzel
and Corwin, 1965). Ammonia/ammonium was analysed as blueTable 2
Averages and standard deviations (n=12) of physical and chemical variables in the lak
Tukey–Kramer ANOVA.
Variables L. Ziway
Temperature (1C) 22.472.2a
Conductivity (K25, mS cm1)n 478732.8a
pH 8.6570.12a
Alkalinity (meq L1) 4.9570.77a
DIC (mmol L1) 4.6170.62a
Rainfall (mm/month) 70.2760.9a
Wind speed (m s1) 3.5471.84a
Irradiance (E m2 h1) 7.2073.32a
Secchi depth (m) 0.1970.03a
Extinction (m1) 8.7772.63a
Zeu (m) 0.5570.11
a
Zmix/Zeu 4.4072.26
a
Total N (mg L1) 1.3270.37a
NO3-N (mg L1) 3.1772.89a
NH4-N (mg L1) 111782a
Total P (mg L1) 68.5714.6a
PO4-P (mg L 1) 10.175.9a
SiO2 (mg L
-1) 23.879.2a
Total N/Total P 20.878.7a
Different letters indicate signiﬁcant differences between the lakes. n, n=4 (data only fr
inorganic carbon; Zeu, euphotic depth; Zmix, mixed depth; P, maximum probability of pindophenol, nitrate–nitrogen as nitrite after reduction in cad-
mium–copper column, orthophosphate (without extraction) and
silica (without digestion) as their respective molybdate complex,
following standard methods (APHA, 1999).
Biological variables
Composite lake water samples over the euphotic depth were
collected with a 2-L plexiglass Ruttner sampler, subdivided and
used for nutrient analysis, estimation of phytoplankton biomass
and primary production (PP). Phytoplankton biomass, in terms of
Chl a concentration, was determined spectrophotometrically after
extracting GF/C glass-ﬁbre ﬁltered samples with cold acetone
(90%) as described in Strickland and Parsons (1972). Chl a
concentrations were calculated according to Talling and Driver
(1963). No correction was made for degradation products.
Estimation of in situ PP was made according to the common
14C technique with incubations with NaH14CO3 (Steemann-
Nielsen, 1952). Duplicate bottles at each depth were inoculated
with 1 ml of 2 or 3 mCi of NaH14CO3. The in situ incubation lasted
for 1.5 h usually between 10:45 a.m. and 12:15 p.m. Radioactivity
was measured with liquid scintillation analyzer (TRI-CARB 2100
TR). Counts were auto-corrected for the counting efﬁciency, which
was greater than 95%, and quenching effect.
As the lakes are situated close to the equator, we assumed a
day length of 12 h and PP per day was calculated by multiplying
the hourly values by a factor 120.9 (Talling, 1957).
Potential ﬁsh production and Estimated safe levels were
estimated by empirical models based on stock assessment studies
by Reyntjens and Tesfaye Wudneh (1998) and LFDP (1997a, b).
Difference between the three lakes was tested by Tukey–
Kramer ANOVA (Pr0.05). Box–Cox transformation was used
when the distribution of the data was not normal. Statistics were
run using JMP software package (SAS Institute Inc.).Results
Physical variables
The seasonal variation of temperature was small in all three
lakes (Table 2; Fig. 2). The surface temperatures were between 22es Ziway, Awassa and Chamo 2005. Differences between the lakes were tested by
L. Awassa L. Chamo P-value
23.571.8a 26.371.6b o0.0001
84476.5b 1910710c o0.0001
8.6670.33a 8.8470.32a 0.18
7.7370.47b 16.971.8c o0.0001
7.4070.51b 15.771.7c o0.0001
76.7750.1a 65.8769.6a 0.91
2.5871.00a 2.8871.20a 0.29
7.5072.94a 8.7973.58a 0.46
0.8570.07b 0.3570.07c o0.0001
1.6670.46b 4.8071.67c o0.0001
2.9070.50b 1.0970.44c o0.0001
3.7772.39 a 3.3873.10a 0.63
1.4470.22a, b 1.6070.18b 0.060
2.5072.15a 3.2571.86a 0.69
118759a 93784a 0.70
34.1713.2a 182760.5b o0.0001
15.473.9b 118714c o0.0001
37.6711.6b 1.070.7c o0.0001
47.5716.2b 9.6072.90c o0.0001
om the ﬁrst 4 months because of problems with the S-C-T meter); DIC, dissolved
airwise comparisons; Total N/Total P (mass/mass).
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Fig. 2. Physical variables during 2005 in the Lakes Ziway, Awassa and Chamo.
G. Tilahun, G. Ahlgren / Limnologica 40 (2010) 330–342 333and 23 1C in the lakes Ziway and Awassa and 31 higher, about 26 1C
in L. Chamo. The difference between surface and bottom
temperature was on average only r11 in L. Ziway, 1–21 in L.
Awassa, and up to 31 in L. Chamo. In contrast, both rainfall and
wind speed were highly variable (Fig. 2). Rainy seasons in L. Ziway
and L. Awassa area usually occur during two periods, between
March and May and from July to September. The second peak of
rain in L. Chamo usually starts in late August and continues
through October. Wind speed was more variable at L. Ziway that is
the most unsheltered and shallow lake of the three. However, this
year (2005) high wind speed was more pronounced during the wet
seasons, i.e. during April and June to August in L. Ziway, resulting in
a complete mixing of the lake. According to the temperature
records, complete mixing took place also during October and
November and during February in L. Ziway, whereas in L. Awassa
and L. Chamo, complete mixing took place only during two periods,June–July and late October–November. In both L. Awassa and L.
Chamo, the wind speed was higher in the second half of the year.
Irradiance on the lake surfaces was quite similar between the
lakes and showed higher values during the last 4–5 months
(Fig. 2). Secchi disk visibilities (m) and vertical extinction
coefﬁcients (e, m1) also showed fairly stable seasonal values
but large differences between the lakes (Table 2; Fig. 2).Chemical variables
Total N and total P varied moderately during the season, except
TP in L. Chamo that nearly doubled the last 5 months compared
to the earlier months (Table 2; Fig. 3). Total N was between
1–2 mg L1 in all three lakes whereas TP was lowest in L. Awassa
and highest in L. Chamo, and intermediate in L. Ziway. The TN/TP
Fig. 3. Chemical variables during 2005 in the Lakes Ziway, Awassa and Chamo. Notice the 10 times larger scale in Si for L. Chamo. Dotted lines in the ratio TN/TP indicate
Redﬁeld ratio in terms of mass/mass.
Table 3
Averages and standard deviations (n=12) of biological variables in the lakes Ziway, Awassa and Chamo 2005.
Variables L. Ziway L. Awassa L. Chamo P-value
Chl a (mg L1) 39.279.4a 18.775.2b 29.976.0c o0.0001
P
Chl a (mg m2) 20.973.0a 54.2718.2b 31.379.0c o0.001
Pmax (mg C m
3 h1) 303797a 146747b 249788a o0.001
P
A (g C m2 d-1) 1.0670.38a 3.1670.96b 1.5970.54a o0.0001
AN=Pmax/Chl (C Chl a
1 h1) 7.8172.27a 7.8471.56a 9.0974.82a 0.65
P
A/
P
Chl (C Chl a1 h1) 4.6871.36a 5.8372.64a 4.9071.49a 0.31
Imax (mE m2 s1) 2537128a 2337153b 4027381c 0.20
IK (mE m2 s1) 156754a 96.8724.8b 124763a, b 0.032
aB (AN/IK) (C/Chl a:E/m2) 15.576.9a 23.575.8a 26.9723.7a 0.16
Photosynthetic efﬁciency (
P
A/I0) (mmol C mol of photons
1or %) 1.4470.84a 3.5371.22b 1.6470.94a o0.0001
Pmax, primary production at optimum depth;
P
A, primary production per area; AN, assimilation number at optimum depth; Imax, light intensity at Pmax; IK, intensity at the
onset of light saturation of photosynthesis; a, slope of photosynthetic–irradiance (P–I) curve; aB, a divided by phytoplankton biomass measured as chlorophyll a; I0, light
intensity (PAR) on lake surface. Different letters indicate signiﬁcant differences between the lakes.
G. Tilahun, G. Ahlgren / Limnologica 40 (2010) 330–342334ratio was between 10 and 30 in L. Ziway, between 25 and 70 in L.
Awassa, and between 6 and 15 in L. Chamo (Table 2; Fig. 3). Si was
high in both L. Ziway and Awassa but low in L. Chamo (Table 2;
Fig. 3, notice the 10 times larger scale for L. Chamo). NO3-N was
very low, 2–3 mg L1 and NH4-N high, about 100 mg L1 and
similar in all three lakes, whereas PO4-P, that was lowest in L.
Ziway, differed signiﬁcantly between all the lakes (Table 2).Biological variables
Chlorophyll concentrations (Chl a, mg m3) were highest and
most variable in L. Ziway with a distinct peak of 62 in June, lowest
and more stable in L. Awassa, and of intermediate concentration in L.Chamo (Table 3; Fig. 5). A progressive doubling in Chl awas observed
in Lake Ziway from 29 in February to 62 in June, followed by a sharp
decline in July and a stable level between 33 and 36 for the
remaining months. A progressive increase in Chl awas also observed
in Lake Awassa from 12 in March to 25 in September that coincided
with the rainy season. In Lake Chamo, a slow but progressive increase
in Chl a from 22 to 40 was observed from March to December.
Chlorophyll concentration per unit area of the euphotic zone
(
P
Chl a,mgm2) varied from 17 to 27 in Lake Ziway, from 27 to 79
in Lake Awassa and from 19 to 46 for Lake Chamo. In short, the
phytoplankton biomass in L. Ziway and L. Awassa consisted mainly of
chroococcal cyanobacteria, such as several Microcystis species and
ﬁlamentous types, whereas L. Chamo was characterized by a more
diverse plankton ﬂora, consisting of various diatoms, cyanobacteria
G. Tilahun, G. Ahlgren / Limnologica 40 (2010) 330–342 335and some green algae. However, a euglenoid, Lepocinclis sp.
completely dominated the phytoplankton in L. Chamo during the
later months, October–December. Likewise, in L. Awassa, the green
alga Botryococcus spp. was common during nearly all seasons.
Depth distribution of photosynthetic activity generally showed
the familiar feature of lower rates near the surface than at slightly
lower depths (Fig. 4a–c). The optimal depth occurred between the
top 10 and 20 cm in Lake Ziway, between 45 and 75 cm in Lake
Awassa, and between 20 and 40 cm in Lake Chamo. Primary
production at optimum depth, Pmax (mg C m
3 h1), was highest
in L. Ziway (from 150 to 420), lowest in L. Awassa (from 79 to 220),
and intermediate in L. Chamo (from 130 to 370) (Table 3; Fig. 5).
The ratio between Pmax and Chl a, the speciﬁc light saturated rate
of primary production or assimilation number (AN, mg C mg Chl
a1 h1 or C Chl a1 h1) (the photosynthetic capacity sensu
Talling, 1965), showed the same trends as Pmax data (Table 3;
Fig. 5) and showed seasonally relatively stable values in lakes
Ziway and Awassa but decreasing values in L. Chamo.
Phytoplankton primary production per unit area,
P
A (g C m2
d1), varied 2-fold in the three lakes, but on different levels, 0.67–
1.8 in L. Ziway, 1.8–4.6 in L. Awassa, and 1.0–2.6 in L. Chamo
(Table 3; Fig. 5). The seasonal peaks for
P
A occurred in May in
Lake Ziway, in August in Lake Awassa and in March in Lake
Chamo. High levels in
P
A were observed from March to May in
Lake Ziway and from July to September in Lake Awassa. Contrary
to this, in Lake Chamo, after a decline in April, values stayed
relatively low until December. Averages of other photosynthetic
variables such as Imax (light intensity at optimal depth), IK (light
intensity at the onset of light saturation), aB (AN/IK), and
P
A/I0
(photosynthetic efﬁciency) were also calculated (Table 3).
The variation in phytoplankton chlorophyll and primary
production was assessed in relation to wet and dry months at
best depth and per area (Fig. 6a and b). According to the ‘‘rainfallFig. 4. (a–c) Depth proﬁles of primary production and underwater irradiance in the
continuous line, spline function; open dots, underwater irradiance; dotted curves, ex
compared to Figs b and c.coefﬁcient’’ for each month (see Methods), October, November,
December and February 2005 were taken as dry months while the
remaining eight months were considered as wet months for lakes
Ziway and Awassa, whereas for L. Chamo there were seven dry
months and ﬁve wet months (March, April, May, September and
October 2005) (Fig. 2 and marked with horizontal lines in Fig. 5).
Both the Chl a concentration and Pmax in L. Ziway were signiﬁcantly
higher during the wet months compared to the dry months (t-test;
P=0.01 and 0.002, respectively), whereas no difference could be
seen in L. Awassa and L. Chamo (Fig. 6a and b). Using the depth
integrated values of Chl a in the euphotic zone (
P
Chl a), no
difference between seasons could be seen in any of the lakes
(Fig. 6c). In L. Ziway also
P
A showed higher values during the wet
months compared to the dry months (P=0.005) whereas no
difference could be seen in the other two lakes (Fig. 6d).
The overall photosynthetic efﬁciency, determined as %
(mmol carbon produced m2 h1 divided by surface irradiance,
mol of photons m2 h1), ranged from 0.4 to 3.0 in Lake
Ziway, from 1.6 to 5.6 in Lake Awassa, and from 0.6 to 3.6 in
Lake Chamo (Table 3). The relation between primary production
(mg C m3 h1) and chlorophyll (mg Chl a m3) for all three
lakes together at the best depth and per area, ﬁtted through the
origin, gave slopes of 7.6 C Chl a1 h1 (standard error=0.47,
P=o0.0001) and 54 C Chl a1 d1 (standard error=2.7,
Po0.0001), respectively (Fig. 7).Discussion
Seasonality
Signiﬁcant difference between wet and dry periods in Chl a,
Pmax and areal primary production (
P
A) was observed only in L.Lakes Ziway, Awassa and Chamo, respectively. Filled dots, primary production;
ponential ﬁt to irradiance values. Notice that the Y-scale in L. Ziway is doubled
Fig. 4. (Continued)
G. Tilahun, G. Ahlgren / Limnologica 40 (2010) 330–342336Ziway. This was demonstrated by an increase during the rainy
period (March–September) and by a decline during the dry season
(October–February) and was probably associated with the
stronger mixing which slightly increased the algal nutrients
during the wet months in L. Ziway. According to Girma Tilahun
(2006) both PO4-P and NO3-N were lower during the dry months
(2–8 and 0–1 mg L1, respectively) than during the wet months
(10–20 and 2–9 mg L1). Similar seasonally trends in phytoplank-
ton primary production in Lake Ziway were recorded by Girma
Tilahun (1988). In L. Awassa and L. Chamo, however, a difference
in Chl a and primary production between wet and dry seasons
was not signiﬁcant. As L. Ziway is situated further from the
equator than the other two lakes, this results support the old
expectation that seasonal variability of phytoplankton tends to be
reduced at low latitudes (cf. Talling, 1986). However, Zinabu
Gebre-Mariam and Taylor (1989) observed higher primary
production in Lake Awassa from August to September (wet
period) than during February and March (dry period) in the year
1985. Seasonality of primary production in Lake Awassa was also
observed by Demeke Kiﬂe (1985), but he recorded opposite
trends, an increase during the dry season (November 1983–
February 1984) and a decrease during the rainy season (May–
September 1984). It is true that high values of
P
A in L. Awassa
during July–September 2005 coincided with the end of the rainy
period, but similar high levels were also found during the dryDecember, resulting in no signiﬁcant differences in the present
study in that lake.
In contrast to the situation in lakes Ziway and Awassa, an
obvious decline in the primary production variables Pmax and AN,
was observed in Lake Chamo throughout the year, with the lowest
values during the last 4 months. This is probably attributed to the
species composition of phytoplankton as the phytoplankton
community during the ﬁrst months was dominated by diatoms
and during the last months by Lepocinclis sp. This euglenoid has a
great biovolume and contributes most to phytoplankton fresh
weight biomass without proportional increase in Chl a concen-
tration. It may also be associated with euglenoid tendency
towards mixotrophy (Huber-Pestalozzi, 1955) during a period of
high organic input from the catchment areas and poor light
conditions due to turbidity.
The magnitude of temporal variability in phytoplankton
biomass and primary production has been estimated by different
indices. We have chosen the index presented by Melack (1979b)
that is assessed by the coefﬁcient of variation (CV) (Table 4). It
gives a relative measure of variability and is not sensitive to
extreme values. CV 425% indicates Pattern A, whose oscillations
are due to wind-induced vertical mixing, increased river
discharge, and rainfall. CV o20%, classiﬁed as Pattern B,
indicates little coupling of their ﬂuctuations to the seasonality
of the weather (Melack, 1979b).
Fig. 4. (Continued)
Fig. 5. Biological variables during 2005 in the Lakes Ziway, Awassa and Chamo. Chl, chlorophyll a in the euphotic layer; Pmax, primary production at optimum depth; AN,
assimilation number, i.e. Pmax/Chl a, photosynthetic capacity at optimum depth;
P
A, areal primary production. The horizontal lines below the last X-axis indicate wet
months.
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Fig. 6. (a and b) Comparison of Chl a and Pmax in the Lakes Ziway, Awassa and Chamo during dry and wet months. (c and d) Comparison of areal Chl a and
P
A during dry
and wet months. See the text for deﬁnition of dry and wet periods.
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that agree with the seasonality, except for
P
Chl a (Fig. 6b)
whereas in L. Awassa and L. Chamo the CVs indicate Pattern A for
some variables despite the lack of seasonality. This agrees with
Melack’s (1979b) conclusions that equatorial lakes are not
exceptionally constant when compared to other tropical lakes,
indicating that no latitudinal trend exists. Elizabeth Kebede and
Amha Belay (1994); reported a temporal variability of 20% in the
Chl a data, i.e. a fairly constant pattern B, in their seasonal studies
of Lake Awassa. Kalff and Watson (1986) recorded CV values of 50
and 42% (Pattern A) for measurements of Chl a in the Kenyan
lakes Naivasha (n=13) and Oloidien (n=8), respectively. The
seasonality (differences between dry and wet seasons) and the
temporal variation, thus do not always agree. L. Ziway has a large
littoral zone and might have perennial inﬂows in contrast to
L. Awassa and Chamo, resulting in higher variability over the year.Comparison between the lakes
Despite high similarity in temperature, rainfall, wind speed
and irradiance, the three lakes showed marked differences with
regard to Secchi disk transparency, light extinction (e), Total P,
PO4-P, and Si, Chl a, Pmax and
P
A (Tables 1–3). The shallow and
turbid L. Ziway had the lowest annual primary production of
390 g C m2 y1, the deepest lake L. Awassa had the highest rate
of 1100 g C m2 y1, and L. Chamo an intermediate rate of
590 g C m2 y1. This depends to a large extent on the differences
between the lakes in transparency and thereby great differences
in the extinction of the light. L. Ziway is the most wind-exposed
and shallow lake and contained the largest amount of non-algalparticles that contributed to 91% of the total light extinction. In L.
Awassa and Chamo the non-algal particles contributed to 78% and
86% of the light extinction, respectively (Girma Tilahun, 2006).
The Chl a concentrations of lakes Ziway and Chamo recorded
in the present study (average 40 and 30 mg L1, respectively)
were 1/2 or 1/3 of what were previously reported for the years
1990–2000 by Zinabu Gebre-Mariam et al. (2002). For L. Awassa
the present average value (20 mg L1) was equal to those from
1990 to 2000 (Zinabu Gebre-Mariam et al., 2002) but only 50% of
the values presented by Elizabeth Kebede and Amha Belay (1994).
However, the present values are much higher than the previously
reported values of other ERVL such as Langano and Shala
(6–7 mg L1, Amha Belay and Wood, 1984). The highest recorded
chlorophyll concentrations in an Ethiopian lake were recorded for
Lake Arenguade (917–2170 mg L1; Talling et al., 1973).Comparison with other lakes
For comparison with other tropical lakes, measurements of not
only the maximum primary production at best depth (Pmax) but
also the areal production in the whole euphotic zone (
P
A) is
important for evaluation of the amount of the basic food available
for the rest of the food web including ﬁsh. Therefore, when
comparing with primary production from other lakes we will
mainly focus on the areal data arranged with increasing
P
A
(Table 5).
The three lakes of this study, Ziway, Awassa, and Chamo, have
areal primary production values between 1 and 3 g C m2 d1
(Table 3) which is comparable to that of many African freshwater
lakes such as Naivasha, Zeekoevlei, Victoria and Oloidien (Table 5).
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Nakuru, and George, have very dense phytoplankton biomass,
resulting in very high production close to the surface (Pmax), their
areal production were lower than or equal to the studied lakes
Ziway, Awassa and Chamo, i.e.
P
A/Pmaxo1. The areal primary
production values measured in the studied lakes are also com-
parable to those recorded for other tropical lakes outside Africa,
such as L. Lanao of Philippines (Lewis, 1974) and L. Cocibolca,
Nicaragua (Hooker et al., 2001) as well as temperate lakes, such as
L. Kinneret, Israel (Berman and Pollinger, 1974) and the eutrophic
L. Norrviken, Sweden (Ahlgren, 1978). On the other hand, the
highly polluted L. Xolotlan, Nicaragua (Erikson et al., 1997, 1998)
showed among the highest values of
P
A in the compilation
(Table 5).
The photosynthetic capacity, AN, in the three ERVL (8–9 C Chl
a1 h1) was close to those reported by Talling (1965) for other
East African lakes (9.3), but was twice as high as those from some
of the hyper-eutrophic tropical lakes (Table 5). Higher photo-
synthetic capacities are generally found at lower phytoplankton
biomass per unit volume. In contrast, less than half of these values
are generally found in temperate lakes (Rodhe, 1958; Tolstoy,
1972, mean of 2 years; Ahlgren, 1978, mean of 7 years for June–
September) (Table 5). AN is apparently clearly inﬂuenced by
temperature (cf. Talling, 1965).
The overall photosynthetic efﬁciency was determined as
mmol C produced m2 h1 per mol of photons of PAR incident
per hour on the lake surface (mmol C/E or %) during the time of
the day when 14C-measurements were performed. Calculations
were based on the total incident radiation (I0) rather than the
energy available in the water since it is a measure of the total
energetic balance as suggested by Tilzer et al. (1975). Values
estimated, Ziway 1.4, Awassa 3.5 and Chamo 1.6% (Table 3), were
remarkably similar to values estimated from L. Norrviken,
Sweden, 3.071.5% (per hour) and 3.171.0% (per day, mean of
7 years, June–September, Ahlgren, unpublished) and from L.
Erken, 1.4% (Rodhe, 1958, mean of 3 years, April–May). Thus, the
photosynthetic efﬁciency in tropical lakes does not seem to be
lower than in temperate lakes during spring and summer months.0
1000
2000
0
ΣChl a (mg/m2)
ΣA
 (m
g 
C
 
20 40 60 80 100
Fig. 7. Upper diagram: dependence of maximum rate of photosynthesis on
biomass measured as chlorophyll. Slope=7.6 (mg C mg Chl a1 h1) (standard
error=0.47, Po0.0001, n=36). Lower diagram: dependence of primary production
on chlorophyll, areal basis. Slope=54 (mg C mg Chl1 d1) (standard error 2.7,
Po0.0001, n=36).
Table 4
The coefﬁcient of variation index (CV%), a relative measure of variability (Melack,
1979b).
Lakes Ziway Awassa Chamo
Chl a 24 28 20
Amax 32 20 53
P
Chl a 14 4 29
P
A 36 30 34The controlling factors
Irradiance, nutrients, and phytoplankton biomass per unit
volume and per area of water inﬂuenced to a varying degree the
variation in the biomass (Chl a) and primary production (
P
A) in
the three lakes.
P
A is greatly affected by the light-saturated
volumetric rate (Pmax). Since the euphotic depth is determined by
the vertical extinction coefﬁcient of light, the ratio of Pmax/KPAR is
of primary importance in affecting the horizontal and vertical
axes of the depth proﬁle of photosynthesis (Talling, 1957, 1965).
More detailed discussion of the role of irradiance for the great
difference between the lakes will be presented elsewhere (Girma
Tilahun and Ahlgren I., unpubl. results).
Chl a, Pmax and
P
A in Lake Ziway were positively correlated
with TN (R2=0.40, 0.50 and 0.39, respectively; Po0.05) whereas
in Lake Awassa Pmax and
P
A were positively correlated with TP
(R2=0.48 and 0.55, respectively; Po0.05). In Lake Chamo Chl a
was positively correlated with TP (R2=0.57; Po0.005) but Pmax
was negatively correlated with TP (R2=0.59; Po0.005). Other
correlations were not signiﬁcant. In conclusion, primary produc-
tion seasonality was variably but rather weakly dependent on
nutrients. TN/TP ratios (mass/mass) in L. Ziway were often
balanced for algal growth (Kalff, 2002), i.e. between 10 and 20
whereas the ratios were Z30 during all 12 months in L. Awassa,
indicating strong P limitation. The consistently high phosphate
concentration (4110 mg m3) and the low average TN/TP ratioof r10 indicate that P is never limiting in L. Chamo. Low Si
concentration in L. Chamo during May–June indicates great
abundance of diatoms during earlier months and possibly
Si-limitation during April, May and June.
The correlation between primary production and biomass
(Chl a) (ﬁtted through the origin) were highly signiﬁcant both at
Table 6
Estimation of ﬁsh production in fresh weight (using the empirical rule that 1% of
primary production can go into ﬁsh) compared to earlier data on Fish landing,
Potential ﬁsh production and Estimated safe level in the Lakes Ziway, Awassa and
Chamo.
Dimension
Variables n L. Ziway L. Awassa L. Chamo
Primary production g C m2 y1 390 1100 590
Lake surface m2 434106 90106 551106
Estimated ﬁsh production tons y1 1700 990 3200
Reyntjens and Tesfaye Wudneh (1998)
Fish landing 1996–97 tons y1 3180 573 3464
Potential ﬁsh production tons y1 3500 1100 3100
Estimated safe level tons y1 2200 520 3340
Asumption: 1 g C=10 g fresh weight (Vollenweider, 1969).
G. Tilahun, G. Ahlgren / Limnologica 40 (2010) 330–342340the best depth (slope=7.6) and in areal terms (slope=54, Fig. 7).
The slopes (ratios) agree surprisingly well with that of Talling’s
values 9 and 66, respectively (Talling, 1965, Figs. 7 and 8b) for
other tropical lakes in spite of our conversions of Talling’s O2
values to C by multiplying with the factor 12/32 and to daily
production by multiplying with 10. However, Robarts (1979) and
Bindloss (1974) noted lack of correlation between primary
production and phytoplankton biomass, both per unit volume
and unit area within the euphotic zone, when working on lakes
Mcllwaine (South Africa) and Loch Leven (England), respectively.
Individual lakes can even show negative correlations, e.g. as in L.
Chamo, depending on several factors, such as qualitative differ-
ences in algal populations during the season and/or incomplete
extraction of chlorophyll.
We have compared estimated annual ﬁsh production (fresh
weight per year), based on areal primary production (PP) per year,
with earlier published data on Fish landing, Potential ﬁsh
production and Estimated safe level by Reyntjens and Tesfaye
Wudneh (1998) (Table 6). A simple empirical relation says that
between 1% and 1% of primary production can go into ﬁsh (ﬁsh
yield, FY) (Ryther, 1969; Melack, 1976). Melack’s data from nine
African lakes gave values of 0.1–0.7% [(FY/PP)100)] with an
average of 0.35%70.2. Hooker et al. (2001) estimated ﬁsh
production in L. Cocibolca, using four different equations based
on chlorophyll or PP (Oglesby, 1977; Downing, et al., 1990;
Kno¨sche and Barthelmes, 1998). All four estimations gave values
close to the value when the 1% relation [(FY/PP)1000] was used
(average 1.2%). Thus, using the ratio 1%, we found striking
agreements for L. Awassa and L. Chamo with Potential ﬁsh
production whereas L. Ziway agreed with Estimated safe levelTable 5
Average values and SD (where n is available) of photosynthetic characteristics in some
Lake Chl a
(mg m3)
Pmax
(mg C m3 h1)
African lakes
Nakurun (Kenya) (1974) (n=9) 160 9907240
Tanganyika (Kenya) (1975) (n=81) 1.2 6.8
Naiwasha (Kenya) (1973–74) (n=5, 11) 13 7079
Zeekoevlein(S. Africa) (1992–93) (n=23) 240763 8607290
Victorian (Uganda) (1960–61) (n=14) 3.01) 28710
Nakurun(Kenya) (1972–73) (n=5) 10401) 460071700
Oloidien (Kenya) (1973–74)) (n=2,10–11) 4878 173766
Hartbeesport (S. Africa) (1982–83) (n=8, 48) (1807300) (4507510)
MacIlwaine (Zimbabwe) (1975–76) (n=22) (45) (350)
George (Uganda) (1967–68) (n=20) 60 4102)
Victorian (Uganda) (1990–91) (n=12) 25 180
George (Uganda) (1960–61) (n=2) (120) 1520
Kilotesn (Ethiopia) (1964–1966) (n=10) 282797 24802)
Other tropical lakes
Chapala (Mexico, St.15) (1983–84) (n=33–55) 4.271.4 30712
Lanao (Philippines) (1970–71) (n=61) (3) 32714
Cocibolca (Nicaragua) (1990–91) (n=10) 1874 131782
Xolotlann(Nicaragua) (1987–93) (n=29) 65720 860
Temperate lakes
Erken (Sweden) (May–June, 1954–56) (9) 23
L. Ullevifja¨rden (Sweden) (Apr–Dec, 1965–68,
n=16)
7.978.4 9.3712
Ekoln (Sweden) (May–Oct,1967–68, n=29) 21718 70757
Norrviken (Sweden) (Jun–Sep,1970–76, n=35) 90728 229781
Kinneret (Israel) (1969–72) (n=12) 46.4740.9 3887157
AN, assimilation number at optimum depth;n, converted to C by the factor 12/32=0.37
from diagrams.(Table 6). However, some stocks show serious signs of over-
ﬁshing, such as Nile perch in L. Chamo and the ﬁsh landing in L.
Awassa has dropped by 50% in the ﬁve years 1991–1996
(Reyntjens and Tesfaye Wudneh, 1998). The potential over-
ﬁshing in L. Awassa and L. Chamo should be of concern. Fish
community in L. Awassa consists mainly of small ﬁsh that
compete for high quality food such as zooplankton that was
remarkably sparse (Ahlgren and Girma Tilahun, 2008). In contrast,
in L. Chamo seston consisted of plenty of high quality food, such
as copepods, cladocerans and rotifers. The ﬁsh community in L.
Chamo is probably more balanced by occurrence of antropical and temperate lakes.
AN
(C/Chl1 h1)
P
A
(g C m2 d1)
PP
A
(g C m2 y1)
Sources
6.2 0.4970.28 1803) Vareschi (1982)
6 0.8 3003) Hecky and Fee (1981);
Hecky and Kling
(1981)
5.471.3 1.870.3 18003) Melack (1979a)
3.871.4 2.370.9 840 Harding (1997)
9.3 2.870.8 950 Talling (1965)
4.4 2.871.1 1000 Vareschi (1982)
4.770.4 3.171.0 11003) Melack (1979a)
2.5 (4.074.6) 15003) Robarts (1984)
8.373.8 4.171.3 15003) Robarts (1979)
6.6 4.3 16003) Ganf (1975);
Erikson et al. (1998)
7.4 5.2 20003) Mugidde (1993)
(11) 6.1 22003) Talling (1965)
9.171.8 5.172.1 19003) Talling et al. (1973)
10.075.6 0.2170.08 80 Lind et al. (1992)
(10) 1.7 6203) Lewis (1974)
7.074 1.971.0 690 Hooker et al. (2001)
1271.5 6.8 25003) Erikson et al. (1997,
1998)
2.6 0.31 100 Rodhe (1958)
1.470.7 0.4070.35 115 Tolstoy (1972)
3.470.9 0.8670.66 120 Tolstoy (1972)
2.770.3 2.770.7 390765 Ahlgren (1978)
17.5715.0 1.4470.49 5303) Berman and Pollinger
(1974)
5; (1) Pmax/AN; (2) ANChl; (3)
P
A365; values within parentheses, estimated
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Zenebe et al., 1998a, b; Demeke Admassu and Ahlgren, 2000).
Large piscivorous ﬁsh can keep the smaller zooplanktivorous ﬁsh
down and allow great abundance of zooplankton, a prerequisite
for good growth of small ﬁsh. However, information of
zooplankton occurrence in the three Ethiopian lakes is sparse
and annual investigations of both the composition and abundance
are necessary for conﬁrming the occasional zooplankton data
above.Summary and conclusions
Based on their mean phytoplankton biomass measured as Chl a
concentration, 40.0, 20 and 31 mg Chl a m3 for lakes Ziway,
Awassa and Chamo, respectively, these lakes can be classiﬁed as
eutrophic lakes (Thornton, 1986). This was corroborated by their
high phytoplankton primary production per unit area (annual
average of 1–3 g C m2 d1), which is comparable to other
eutrophic lakes of both tropical and temperate types. The
photosynthetic capacity or assimilation number, AN, was very
equal with average values between 8 and 9 (mg C mg Chl a1 h1)
in the three lakes and were 2–3 times higher than corresponding
values from temperate lakes. In contrast, utilization of light
energy, i.e. the photosynthetic efﬁciency or utilization of light
energy (mmol C mol of photons1, 1.4–3.5%) coincided well with
values from spring and summer seasons in temperate lakes.
Among the different factors regulating phytoplankton primary
production, the supply of light and nutrients were the most
important. The seasonal variations of incident radiation (most
values between 5 and 7 E m2 h1) and water temperature
(most values between 22 to 24 1C) were, however, small and
unlikely to result in the marked differences between the lakes in
phytoplankton primary production. Although a small increase in
nitrate and phosphate concentrations occurred during the rainy
periods in L. Ziway, the major algal nutrients were either
consistently low (nitrate and/or silicate) or high (phosphate
and/or ammonium) and remained within a narrow range for
most of the study period in all the three lakes. Consequently,
phytoplankton biomass and primary production in these
shallow tropical lakes seem to be maintained more by nutrient
regeneration or turnover, facilitated by high temperature,
than by allochtonous nutrient input. Furthermore, wind-induced
mixing would play an important role in the redistribution of
nutrients, phytoplankton and availability of light. This, in turn,
indicates that the spatial (vertical) and temporal patterns of
phytoplankton production in these three ERVL would be domi-
nated by hydrographic conditions sensu Talling (1986). The
estimated ﬁsh yield, based on the annual primary production,
agreed well with earlier data on estimated potential ﬁsh yield for
all lakes. The estimated ﬁsh yield also agreed well with the
estimated safe level for the lakes Ziway and Chamo whereas
the yield for L. Awassa was twice compared to the estimated safe
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